INTRODUCTION
Chemical modification is a simple, useful approach to study membrane protein structure and function. Among amino acids, Cys is average in steric bulk, relatively hydrophobic and amenable to highly specific modification. Cys-scanning mutagenesis takes advantage of these unique features of Cys combined with sitedirected mutagenesis 1, 2 . In order to optimize the approach, it may be necessary to construct a nonreactive or Cys-less mutant without inactivating the protein. On a functional Cys-less background, by systematically mutating each residue to Cys, a library of single Cys-mutant is generated, and the functional role of each position can be assessed by testing activity. A further advantage of the approach is that it enables studies of modification by Cys-specific reagents.
Site-directed sulfhydryl modification of single-Cys mutants in situ with radioactive N-ethylmaleimide (NEM) has been particularly useful for studying both static and dynamic features of the lactose permease of Escherichia coli (LacY) 3 . In this protocol, LacY is used as a prototype 4, 5 . Alkylation with NEM is a measure of the reactivity and/or accessibility of a given Cys residue to this small, relatively hydrophobic, membrane-permeant thiol-specific reagent. Reactivity and/or accessibility are dependent primarily on the environment in the vicinity of a given Cys side chain and limited by close tertiary contacts between transmembrane helices and steric constraints of the lipid bilayer. Any change in reactivity of a Cys side chain upon substrate binding is indicative of an alteration in the local environment. Hence, determination of the reactivity of Cys replacement mutants with N-[ethyl-1-14 C]ethylmaleimide ([ 14 C]NEM) is a convenient way to assess the local environment of specific positions within the tertiary structure of the protein. Furthermore, in situ site-specific reaction with methanethiosulfonate ethylsulfonate (MTSES), a small hydrophilic, membrane-impermeant thiol reagent 6, 7 , can be utilized to study the accessibility of Cys residues to the aqueous milieu. Cys-scanning mutagenesis and site-directed sulfhydryl modification systematically applied to LacY has provided enormously valuable information with regard to structure, function and dynamics 2, 3, 5, 8 .
Here, we describe a simple, easy-to-handle protocol for measuring the reactivity of single-Cys mutants with various thiol reagents. Application allows (Figs. 1 and 2) (i) assessment of Cys reactivity with NEM under various conditions (e.g., absence or presence of ligand and/or an electrochemical proton gradient, temperature) (Figs. 1a and 2a) and (ii) assessment of Cys reactivity with other nonradioactive thiol reagents by measuring blockade of radioactive NEM labeling (Figs. 1b and 2b) . Once Cys reacts with other thiol reagents, it cannot react with [ 14 C]NEM. One such application includes the use of impermeant MTSES 6, 7, 9 to study solvent accessibility; (iii) another application is estimation of apparent binding constants for a ligand by measuring ligand protection against alkylation with [ 14 C]NEM 10, 11 (Fig. 1c) , which will not be described here. In principle, NEM labeling and solvent accessibility approaches can be applied to identify residues buried in the core of a soluble protein by carrying out the analyses in the native or denatured condition. Furthermore, it is also useful for identifying positions located in the protein-protein interface of a protein complex by studying the effect of chemical modification on protein-protein interactions, solvent accessibility, as well as the protection against the alkylation of Cys residues. Limitations of this particular protocol include requirement for radioactive NEM, use of an affinity tag fused to the target protein and a target protein containing only a single reactive Cys residue. Several affinity tags can be used to purify the target protein, examples being a His-tag on the target protein and metal affinity chromatography or other commercially available tags and protein purification kits. Here, we describe a protocol for purifying LacY containing a biotin acceptor domain at the C terminus by avidin chromatography 12, 13 .
It is important that the membrane permeability of the thiol reagent be tested in each system. In E. coli, NEM and MTSES are demonstrated to be permeant and impermeant, respectively, by analyzing labeling of cytoplasmic proteins 9 . It is also highly noteworthy that alternative methods with fluorescent thiol reactive reagents have been utilized [14] [15] [16] . . MTSES (Toronto Research Chemicals, Toronto, Ontario, Canada) . Right-side out (RSO) membrane vesicles containing the target protein with an affinity tag can be prepared as described previously 17,18 . . 100 mM potassium phosphate (KP i ) or sodium phosphate (NaP i ), (pH 7.5) . 100 mM KP i (pH 7.5)/10 mM magnesium sulfate (MgSO 4 ) . 10% Dodecyl-b-D-maltopyranoside (DDM; Anatrace, cat. no. D310A) m CRITICAL Use NaP i because KP i will precipitate with SDS. . Argon 4| In a hood, break glass manually wearing gloves and using a kimwipe. 6| Bubble the two-layer mixture gently with argon to evaporate the upper pentane layer (on completion, only one phase will be observed after mixing).
7| Aliquot the solution from Step 6 to a 1.5-ml conical screw cap tube with an O-ring screw top. ' PAUSE POINT Store at -801C until use. The NEM solution should be stable for at least a few months. 10| Wash another two times with 1.4 ml ice-cold 100 mM KP i (pH 7.5)/10 mM MgSO 4 to remove the remaining MTSES (Fig. 2b) .
11|
Resuspend vesicles in 50 ml of 100 mM KP i (pH 7.5)/10 mM MgSO 4 .
12|
For those samples to which a ligand had been added before the addition of MTSES (see Step 9) , add the same concentration of ligand back to the samples. 
Purification of biotinylated protein TIMING Approximately 30 min
15| Following reaction quenching with DTT, add 40 ml 100 mM KP i or NaP i (pH 7.5) to the suspension.
16| Add 25 ml 10% DDM to a final concentration of 2%. m CRITICAL STEP Type of detergent and its concentration must be tested for each individual membrane protein. To obtain this information, a wide range of detergents must be screened in order to find those that solubilize the target membrane protein and maintain its stability in solution. This can be achieved by ultracentrifugation of the sample after addition of a given detergent and carrying out a western blot on the supernatant.
17|
Mix by flicking the tube several times. The sample should clear immediately.
18| Add 40 ml immobilized monomeric avidin gel and mix by flicking the tube several times.
19| Incubate on a rotating platform at room temperature (B20 1C) for 5 min or at 4 1C for 30 min. 20| Place a Promega wizard column or any other DNA miniprep column on a vacuum manifold and prepare 3-ml syringe barrels (Fig. 3) .
21| Spin down the sample, resuspend avidin gel with pipette tips and apply the sample to the column.
22| Turn on manifold just long enough to drain fluid.
23| Rinse sample tube with column wash buffer, apply to column and turn on the manifold briefly to drain the mixture. m CRITICAL STEP Column wash buffer must have the detergent to avoid the aggregation of protein.
24| Attach syringe barrel to column.
25| Wash column with 6 ml column wash buffer.
26| Turn off manifold as soon as buffer is depleted.
27| Remove syringe barrel.
28|
Place the column to a 1.5-ml Eppendorf tube.
29| Add 50 ml of 5 mM biotin in column wash buffer to top of column.
30| Wait for 2 min. 39| Trim the gel blot paper around the gel and tape the gel down to an exposure cassette.
40| Cover gel with a sheet of EL Mylar.
41|
Expose by placing the blank storage phosphor screen directly onto the exposure cassette, lock the cassette and be sure that there is no exposure of the screen to light.
42| Label the exposure cassette with date, and store it flatly in a bench drawer at a room temperature. ' PAUSE POINT Exposure usually takes 1-5 d.
Scan with PhosphoImager TIMING 1-5 d 43| On the second day, scan the storage phosphor screen in PhosphoImager. Density of the band at the position corresponding to that of target protein represents [ 14 C]NEM-labeled protein. Save image as a 'tiff' file to be displayed through Adobe Photoshop software. This is the day-1 result, which should provide useful information to adjust the exposure time to obtain a high quality image. Intensity of the protein band is linear over a wide dynamic range. If the signal is weak, you need a longer exposure by simply erasing the image and exposing it again as described next.
44| Repeat Steps 38, 41 and 42. On the fifth day or the days after it, scan the storage phosphor screen in PhosphoImager to obtain a new image. If the image is still too weak, erase it and perform the exposure for a longer time. 45| When finished, discard gel in radioactive trash bin.
46|
Clean the storage phosphor screen as described in
Step 38 so that it is ready for further use, and return the screen to the exposure cassette. ? TROUBLESHOOTING Troubleshooting advice can be found in Table 1 .
ANTICIPATED RESULTS
The reactivity of Cys residues with NEM as well as the effect of ligand can be easily visualized by comparing the density of radioactive bands (Fig. 4a, upper panel) . The total protein loaded, as visualized from western blot (Fig. 4a, lower panel) and data collected from a positive and a negative control for protein labeling are needed for a correct interpretation of the results.
The following are examples for the interpretation of results as reported from studies on solvent accessibility of single-Cys residues determined by blockade of NEM labeling with MTSES following the protocol described above (Fig. 4a) . The position studied is mapped in an x-ray crystal structure of LacY (Fig. 4b,c) . 1 and 3 to lanes 2 and 4) . Consistently, Leu 329 (helix X) is exposed to the hydrophilic cavity of LacY (Fig. 4b,c) .
(2) Q60C LacY 21 . NEM labeling is blocked by MTSES (compare lane 5 to lane 7) , showing that Cys at position 60 is highly accessible to solvent. In the presence of ligand, the side chain becomes less accessible to solvent, as shown by the decreased effectiveness of MTSES as a blocking agent (compare lanes 7 and 8). Gln 60 (helix II) is fully exposed to the hydrophilic cavity (Fig. 4b,c) . Notably, Cys at positions 329 (native residue Leu) and 60 (native residue Gln) both are accessible to MTSES. Since these positions are located on the cytoplasmic side of transmembrane helices and MTSES is membrane impermeant, the reactivity observed may be due to conformational dynamics of LacY (i.e., exposure of positions lining the hydrophilic cavity). 
